Modeling Trichloroethylene Degradation
by a Recombinant Pseudomonad

Expressing Toluene
ortho-Monooxygenase in a
Fixed-Film Bioreactor

Adam K. Sun, Juan Hong, Thomas K. Wood

Department of Chemical and Biochemical Engineering, University of
California, Irvine, Irvine, California 92697-2575; telephone: 714-824-3147;

fax: 714-824-2541; e-mail: tkwood @uci,edu
Received 18 July 1997; accepted 6 November 1997

Abstract: Burkholderia cepacia PR1,5(TOM,5.), express-
ing constitutively the TCE-degrading enzyme toluene
ortho-monooxygenase (Tom), was immobilized on
SIRAN™ glass beads in a biofilter for the degradation
and mineralization of gas-phase trichloroethylene (TCE).
To interpret the experimental results, a mathematical
model has been developed which includes axial disper-
sion, convection, film mass-transfer, and biodegradation
coupled with deactivation of the TCE-degrading enzyme.
Parameters used for numerical simulation were deter-
mined from either independent experiments or values
reported in the literature. The model was compared with
the experimental data, and there was good agreement
between the predicted and measured TCE breakthrough
curves. The simulations indicated that TCE degradation
in the biofilter was not limited by mass transfer of TCE or
oxygen from the gas phase to the liquid/biofilm phase
(biodegradation limits), and predicts that improving the
specific TCE degradation rates of bacteria will not signifi-
cantly enhance long-term biofilter performance. The
most important factors for prolonging the performance
of biofilter are increasing the amount of active biomass
and the transformation capacity (enhancing resistance to
TCE metabolism). © 1998 John Wiley & Sons, Inc. Biotechnol
Bioeng 59: 40-51, 1998.
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INTRODUCTION

a cometabolic pathway, and trichloroethylene (TCE) has
been used as the model pollutant (Coyle et al., 1993; Folsom
and Chapman, 1991; Lackey et al., 1993; Phelps et al.,
1990; Taylor et al., 1993; Wilcox et al., 1995). The most
commonly studied microorganisms for TCE degradation are
Methylosinus trichosporiur®@B3b (McFarland et al., 1992;
Oldenhuis et al., 1989; Strand et al., 1991) &udkholderia
cepaciaG4 (formerly Pseudomonas cepaci@4) (Ensley
and Kurisko, 1994; Folsom and Chapman, 1991; Landa et
al., 1994; Nelson et al., 1986; Shields et al., 1991).

A fixed-film bioreactor with large amounts of biomass
can be an attractive reactor for remediating organic wastes
(Hao et al., 1991; Kirchner et al., 1992; Shareefdeen et al.,
1993). Gas containing volatile organic compounds, such as
TCE, is passed through the supporting matrix, and the im-
mobilized bacteria degrade the organic compounds. Be-
cause fixed-film bioreactors can treat the contaminant in the
gas phase in a contained environment, introduction of TCE-
degrading organisms (either wild-type or genetically-
engineered microorganisms) into the environment is mini-
mized, and indigenous microorganisms from the polluted
sites may be filtered from the incoming gas to avoid con-
tamination (Ensley and Kurisko, 1994). Even though bio-
filters have been used widely for various industrial wastes,
data available for improving performance are limited

Various reactor designs have been studied for biologica(Hodge and Devinny, 1995). To understand reactor opera-
treatment of numerous pollutants (Dikshitulu et al., 1993;tion, a pure culture should provide a simpler system than a
Fan et al., 1990; Wang et al., 1996; Zilli et al., 1993), andconsortium of microorganisms.

mathematical models have been used successfully for fur- The greatest advantage durkholderia cepacia
ther understanding these reactor designs. However, most ®R1,4(TOM,4-) (henceforth PRL) is its ability to consti-
these pollutants can be utilized by the bacteria as the soleitively express toluen®rtho-monooxygenase (Tom),
carbon and energy source for growth. Some volatile chlowhich is responsible for TCE degradation (Shields and Rea-
rinated aliphatic compounds can only be degraded throughin, 1992; Shields et al., 1994). Because RRdoes not
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require an inducer (such as methane or toluene), it is an
excellent microorganism for TCE bioremediation (no com-
petitive inhibition). In addition, PR has high growth rates
and high TCE degradation and mineralization rates in vari-
ous media (Sun and Wood, 1996); thus, PRAas selected
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for use in an aerobic, single-pass, fixed-film bioreactor,(1995) developed a two-phase model utilizing convective
which was shown to be feasible for degrading and minermass transfer from the liquid phase to the biofilm for de-
alizing gas-phase TCE (Sun and Wood, 1997). Howeverscribing TCE stripped from the liquid by gas as well as the
due to formation of toxic TCE breakdown products (Wack-biological degradation of TCE; deactivation of the enzyme
ett and Gibson, 1988; Zylstra et al., 1989), the performanc&vas not included. This model was consistent with limited
of PRL, biofilter deteriorated with continuous TCE addi- experimental data. Hecht et al. (1995) used a bubble-column
tion, and the extent of TCE degradation ability decreasedpioscrubber for cometabolic degradation of TCE, and the
faster with higher TCE concentration (Sun and Wood,model was based on plug flow for the gas phase and pseudo-
1997). first-order kinetics for TCE degradation. At the experimen-
One of the most important parameters governing fixedfal conditions evaluated by Hecht et al., TCE degradation
film reactor performance is the mass transfer resistanc@as limited by the reaction rate (not mass transfer limited).
from the gas phase to the liquid phase which can be thElecht et al., suggested the best way to increase TCE deg-
rate-limiting step (Karel et al., 1985) for TCE degradation.radation in the bioscrubber was to use a microorganism with
Also, cells have been shown to change upon immobilizatiof'gh degradation rates. A mathematical model was also de-
(e.g., enzyme productivity, long-term stability, nutrient up- veloped for dechlorination of TCE in a hollow-fiber mem-

take, and cellular growth rates) (Hao et al., 1991; Karel efrane biofilter (Parvatiyar et al., 1996) under steady-state
al., 1985). The activity of TCE-degrading enzyme in thecond|t|ons, and the decr_llo_rlnatlon of TCE occurred in th_e
@anaerobic zone of the biofilm. The model proposed in this
article differs from the models cited previously by including
axial dispersion, a material balance in both the gas and the

tudv was to develop a mathematical model to predict thélquid phase, and Monod kinetics for biodegradation
SICY W velop ! pred! coupled with deactivation of the TCE-degrading enzyme.

performance of the PR fixed-film bioreactor in the ab- o ,
sence of adsorption (using an inert matrix) and to investi—To our knowledge, this is the first model developed for TCE

. . degradation using a fixed-film bioreactor and verified with

gate the parameters which effect its performance. experimental data

There are numerous biofilter models for the degradation '
of volatile organic chemicals, and these models can be clas-
sified into two groups: those in which the volatile organic MATHEMATICAL MODEL
chemicals can be degraded either as a sole carbon and en-
ergy source and those in which the pollutant is dggraded bathe basic axial dispersion-convection model was used as
a fortuitous pathway (e.g., TCE). When ethapol is used as the core (Wankat, 1990), and the mass transfer and biodeg-
carbon and energy source, Hodge and Devinny (1995) de3yation terms were incorporated into this model. The fol-
veloped a model describing a biofilter with adsorption USiNg|oing assumptions were made to simplify the model: (1)
first-order kinetics, and the ethanol-laden air was introduceqhe biofilter consists of a three-phase system: air, liquid/
to the biofilter without continuous addition of liquid nutrient biofilm, and solid, inert, non-porous carriers (bacteria inside
(no material balance in the biofilm/liquid phase). Utgikar etyq porous carrier were neglected); (2) solid carriers are
al. (1991) proposed a model for the biodegradation of volapomogenous in size (0.30 cm in diameter) with a uniform
tile organic compounds in a biofilter where the substratgjquid/biofilm thickness around the carriers; (3) the liquid/
was used as the carbon and energy source (€.9., tolueng)ofiim phase is homogenous without a boundary separating
they partitioned the b|0f|lter SyStem intO four diStinCt Sec- the ||qu|d and the b|of||m, (4) the average biomass mea-
tions (gas phase, liquid phase, biofilm, and packing matesyred at the end of the experiment represents the total bio-
rial), and the model included terms describing mass transfeiass that was distributed evenly and was relatively constant
by diffusion, biomass growth, and constant biomass decaguring the experiment; (5) the liquid-phase concentration of
(constant coefficient for decay rate). First-order biodegra-TCE at the gas/liquid interface is at equilibrium with the
dation was used by simplifying the Monod kinetics with the bulk gas-phase TCE concentratid®{cg = Cyrce/Hren
assumption that the substrate concentration is much lowawhereH g is the Henry's law constant).
than the half-saturation constant (or Michaelis constant); Because oxygen is required for biofilm formation and
however, no experimental data were presented to verify th& CE degradation, lack of sufficient oxygen in the biofilm
model. The model derived by Shareefdeen et al. (1993g¢an limit TCE degradation. Thus, the biodegradation rate of
described and predicted experimental results for the biofil-TCE by PR1; was expressed in terms of both TCE and
tration of methanol vapor, which served as the carboroxygen concentrations using the dual-substrate Monod
source for the bacteria growth. No liquid nutrient was usedequation for TCE (Bailey and Ollis, 1986; Chang and Al-
in this study, and the assumption of steady state or quasirarez-Cohen, 1995). Exposure to TCE has been shown to
steady state was used for obtaining a numerical solutiordeactivate cellular proteins via the toxic metabolites derived
This model did not include convection phenomena (onlyfrom TCE metabolism (Oldenhuis et al., 1991; Wackett and
diffusion), and the amount of biofilm was not quantified. Gibson, 1988; Wackett and Householder, 1989; Zylstra et

To describe fortuitous degradation of TCE, Duncan et alal., 1989); therefore, the biomass responsible for TCE deg-

biofilm may be lower than that of suspended cells unde
similar growth conditions, and TCE transport through the
cells in the biofilter might be altered. The objective of this
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radation was assumed to deactivate at a rate proportional tquations (1) and (2) describe the mass balance of TCE and
the rate of TCE degradation (Alvarez-Cohen and McCartypxygen in the gas phase (using axial dispersion, convection,
1991; Chang and Alvarez-Cohen, 1995; Chu and Alvarezand mass-transfer terms). Equations (3) and (4) describe the
Cohen, 1996). mass balance of TCE and oxygen in liquid/biofilm phase.
As the TCE-laden air passes through the fixed-film bio-The second term on the right side of Equations (3) and (4)
reactor (Fig. 1), its concentration can be affected by axiatlescribes the liquid medium flowing around the carriers
dispersion, convection, mass transfer, and biodegradatiofupon which a biofilm has formed). The last term in Equa-
Based on the above assumptions, an unsteady-state modiein (4) characterizes the background oxygen consumption
was obtained with the determination equations by making dy the biofilm (respiration) that is not associated with TCE
mass balance on TCE and oxygen in the gais the frac- degradation (Bailey and Ollis, 1986). Equation (5) describes
tional gas phase volume) and liquid/biofilm phasdgthe the decrease in active biomass available for TCE degrada-

ractional Iquid-phase volume): tion due to toxic reakaown pro ucts.
f i | liquid-ph | ion d ic TCE breakd d
) The initial and boundary conditions required to solve
9Cyrce 9 Cyrce Qa9Cyrce these equations are
ot T9TCE o2 BA  OX
KL,TCEa t=20 Cg,TCE = Cg,TCE,inIet Cg,CQ = Cg,02,inlet (6)
- 0 (Cik,TCE_ CI,TCE) (1)
> CI,TCE =0 CI,OZ = CI,OZ,initiaI (7)
an’oz - D a Cg’oz _ % acg’oz
ot 992 Hx2 A  9x X = Xinitial 8)
KL o022
- 0 (Cik'oz B CI,OZ) (2) x=20 Cg,TCE = Cg,TCE,inIet (9)
aCI,TCE: aZC|,TCE_95C|,TCE Cg,orz = Cg,OQ,inIet (10)
at LTCE 0y eA X
KL tcead Crce=0 (11)
+ o (Clrce= Circe)
Circe Cio2 Cioz = 0 (12)
_Vmaxx (3)

Kmrce* CirceKmoz * Cio2
aCg, TCE _ 0 an,OZ _

9C op #Cloz Q C o x=L X X 0 (13)
gt 102 g2 T A ox
K, o0a dCI,TCEIX=0 9Cl,020x=0 (14)
’s (Clo2 = Cio2)
Circe Cioz These equations were _solved_ using a numerical_simula_tion
maxX Yoz Kuroe+ Crroe Knoz + Ciop (IMSL MOLCH subroutine using the method of lines, Vi-

sual Numerics, Inc., Houston, TX) with parameter input

values listed in Table I. Due to the reactor design, there are

ax 1 ViaXGree C oz dead spaces before and after packing in the fixed-film bio-

P ’ ’ 5 . .

dt Te Kpree* G roe Kmos * Croa (5) reactor (Fig. 1). To predlgt the TC_E breakthrou_gh curve,
these dead spaces were included in the numerical simula-

tion.

= YiespX (4)

Liquid Inlet

Sampling Port ‘

Air Inlet

X =0cm O (Fractional gas phase volume) EXPERIMENTAL APPROACH
Air Outlet
The biofilter and experimental procedures have been de-
scribed previously (Sun and Wood, 199Burkholderia
cepaciaG4 (henceforth G4) is the parent strainBdrkhol-
deria cepaciaPRL4TOM,5-) and expresses Tom only in
the absence of glucose and in the presence of phenol or
toluene; hence, G4 was used as the negative control (biotic)
for this study. G4 and PB4 were cultivated in a 0.4 wiv %
glucose chloride-free minimal medium (with $@/mL of
Figure 1. Schematic of the fixed-film bioreactor (dead spaces shown). kanamycin for PR;). The supporting material used in this

Sampling Port
X=112em ©

Liquid Outlet
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Table I. Parameters for the packed portion of the fixed-film bioreactor (x
= 30 to 70 cm).

Parameter Value Units

A 17.7 cnt

Dg.02 7.45 cnf/min

Dy.1ee 7.45 cnt/min

Doz 0.296 cn/min

Ditce 0.296 cm/min

o2 34.9 —

Hree 0.4 — (Folsom et al., 1990)
KL oA 2425 1/min

KL rced 242.5 1/min

Ky.o2 0.048 mg QIL

Knrce 35.0 mg TCE/L

L 70 cm

Qa 0.100 L/min

Q 0.000694 L/min

Te 0.065-0.204 mg TCE/mg protein (Table IlI)
Vimax 0.00237 mg TCE/min/mg protein

(Sun and Wood, 1996)

Yoo 0.49 mg Q/mg TCE

Yiesp 0.001 mg Q/min/mg protein

X 4.2-18 g protein/mL liquid

£p 0.5 cn? void volume/cni reactor
€ 0.18 cnt liquid/cm® reactor

0 0.32 cnt of gas/cni of reactor

films. The cell density was higher for the biofilm near
the top of the biofilter (near the nutrient inlet), and the
biofilm cell density decreased slightly10 to 30% based
on visual analysis) as axial distance increased. The frac-
tions of live and dead cells were relatively uniform along
the biofilter axial position (six images each from four
different axial sections were analyzed and averaged
49.5% =+ 20.3 live vs. 50.4% £ 20.3 dead cells, Table II).
The fraction of live and dead cells along the biofilm
thickness (near the nutrient inlet) was also analyzed.
The proportions of live and dead cells were relatively uni-
form along the biofilm thickness, and this profile was con-
sistent at each position in the axial direction (data not
shown).

The biofilm thickness on SIRAN™ carriers was deter-
mined by three methods. For the CSLM analysis, the
SIRAN™ beads were placed on microscope slides using
an inverted stage; hence, the images were obtained as
the biofilms were compressed against the microscope slides
due to the weight of the beads. Thus, the measured bio-
film using CSLM (30 to 80wm) underestimates the
actual biofilm thickness. The average biofilm thickness
was also calculated based upon the total amount pro-
tein measured at the end of each biofilter experiment.

study for biofilm attachment and growth (surface-attached®@s€d on the size of rod-shapedeudomonag.75 x 3.25
process) was open-pore sintered glass (SIRAN™ carrieré}m) (Singleton and Sainsbury, 1988), an average volume

with particle size 2 to 5 mm and 60-3@0n internal pores
(Jaeger Biotech Engineering, Inc., Costa Mesa, CA).

Confocal Scanning Laser Microscopy (CSLM)

SIRAN™ carriers with biofilm were removed from the bio-
filter (after 10 d of biofilm formation) from four different

of 5.74 x 10? cm®/cell is calculated. Assuming 50%
void space in the biofilm (de Beer et al., 1994), the bio-
film thickness was estimated as 41 to 23t with a con-
version factor of 48.08 mg protein/énof biofilm (Sun
and Wood, 1996). The third method used to estimate the
biofilm thickness was based on liquid holdup volume in
the biofilter. Using a 500-mL biofilter (50% void space)

the Live/DeadBadit bacterial viability assay kit (Molecular

filled completely with liquid medium. By carefully draining

Probes, Eugene, OR). The assay distinguishes the live arifie liquid to minimize biofilm sloughing, 160 mL of liquid

dead cells based on the membrane integrity. Using the corvas collected. Assuming the biofilm volume represents
focal scanning laser microscope equipped with a kryptonlhe liquid holdup in the biofilter, the total biofilm volume
argon laser (MRC 1024, Bio-Rad, Hercules, CA), the bio-was 90 mL [500 mL reactor volume x 0.5 (void) — 160 mL
films were excited at 488 nm, and the fluorescent light wagliquid-drained volume)]. With an average bead diameter
visualized using a T1/E2 multi-purpose filter combination; of 0.3 cm (approximately 17,693 beads in 500-mL reactor),
the live cells fluoresce green and the dead cells fluorescthe estimated liquid holdup volume per bead was
red. Thin vertical sections (m) of biofilm image were 5.09 x 102 cm®, which represents 162m of biofilm thick-
collected, and the images were analyzed for fraction of liveness.

and dead cells based on different pixel intensities of live and

dead cells. The images were analyzed using the COMOS

software on the BioRad MRCG600. Table Il.  Characterization of thBurkholderia cepaci®R L (TOM,50
biofilm by CSLM after 10 d of growth. Number of experiments indicated
by n.

Independent Parameter Determination

Respective axial Biofilm thickness Live: dead cells

position in the biofilter (8) pm (number of images)
Characterization of the Biofilms (Table I)
Top 700180 67 : 33 (n= 3)
PRL; biofilms on SIRAN™ carriers were visualized by ;g ][fom :he top 543;28 4212 : ;g §”= 3
. . . rom top : n=
CSLM, and the images of the biofilm at different segments Bottom 30035 6337 (n= 1)

of the biofilter were collected to characterize the bio-
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Kinetics of TCE and Oxygen Metabolism Table lll.  Biomass levels of the PR1biofilter with 0.7 L of SIRAN™
matrix and an air flow rate of 0.1 L/min.

The Monod kinetic parameters for TCE degradation by Average biomass conc. Te Length of
PR1,; were determined using shake flask experimevis, TCE conc.  (mg protein from live (g TCE/g live  experiment

= 0.00237 mg TCE/min/mg protein aiq, tcg = 3.81 mg  (mg/L of air) cells/mL of liquid)* proteinf (days)
TCE{L) (Sun and Wopd, 1996)_. Because .a(_erob|c bacteria 0.040 1804116 0.071 -
require oxygen for their metabolism, the affinity for oxygen 4, 12425 0107 10
(1/Ky,02) should be much higher than TCE, even in a bio- 83+43 0.065 24
film environment. It has been estimated that for a pure 1.210 44%25 0.204 11
culture of Pseudomonas putidaiofilm grown on phenol, 2.420 8.1£6.2 0.129 7
the Michaelis constant for oxygeKy; o,) is 0.048 mg Q/L

®Average biomass concentration involved in TCE degradation [(g aver-
(Beyenal et al., 1997). age protein measured/mL reactor) * fraction of live cellghL of liquid/
mL reactor)].

T, (g of TCE degraded per g of protein from live cells involved in TCE

Overall Mass Transfer Coefficient degradation) [(g TCE/g total protein)/fraction of live cells].

Using the Thoenes-Kramers mass transfer correlation for flow- ) ) )
through packed beds (Fogler, 1992) Sh 1.0 (Ré)Y25¢+3 for Pseudomonaﬁallgy and O|'|IS., 1986), and the estated
the overall mass transfer coefficient for oxygeéq (,) was ~ growth rate of PR in the biofilter (. = 0.0052/h,
calculated as 19.75 cm/min. The parameaefinterfacial ~Pased on biomass data in Table Il).
area of gas/liquid per a unit of reactor volume) was esti-
mated (Westerterp et al., 1984) by' c_alculating the total SUrBiomass Concentration
face area of SIRAN™ beads and divided by the total reactor
volume @ = 12.28 cnf of area/cr of reactor). Thus, the If the actual biofilm concentration in the biofilter was
overall volumetric liquid mass transfer coefficients for oxy- known, assumption (4) that the biomass at the end of the
gen K @) was 242.5 1/min. This same value was used forexperiment was constant would not be necessary. However,
KL tce. due to the construction of the reactor, the biomass concen-
tration was measured only at the end of each experiment
(measuring biomass during the experiment could contami-
Henry’s Law Constants nate the biofilter). The total protein concentrations mea-
sured (protein from the live and dead cells) at the end of
A dimensionless Henry's law constant of 0.4 was used folgach experiment do not necessarily represent the amount of
TCE (Folsom et al., 1990). The Henry’s law constant forprotein at the beginning of the experiment, and the total
oxygen at 30°C was calculated as 272 mg/L/7.8 mg/L  protein concentration measured at the end of the experiment
34.9. The oxygen concentration of TCE-laden air was als@ould be much higher than the initial protein concentration
taken as 272 mg/L for all cases. (the biofilm was visible after 2a 3 d of culturing, the
biomass concentration was most robust at the top of biofilter
] o near the nutrient inlet, and the biofilm at the bottom of
E;esldig%%fg’%i’;%g%% t"”(’;’/d B‘)’Ckg" ound biofilter was only visible after approximately three to seven
P resp days). As indicated in the biofilm characterization using
CSLM, the fraction of live cells in the biofilm was approxi-
mately 50%. Thus, the actual amount of cells which were
potentially involved in TCE degradation would be half the
measured protein concentration. As shown in Table lIl,
+ + there seems to be little correlation between the biomass
CoHClg + NADH +H" +20, ~ 2C0, + NAD™ + 3H8|5) concentration and the length of experiment or the TCE con-
centrations.

Overall TCE mineralization by aerobic microorganisms re-
quires two moles of oxygen for every mole of TCE (Al-
varez-Cohen and McCarty, 1991; McFarland et al., 1992)

Hence, Y5, coefficient for TCE degradation was calculated

as 0.49 mg @mg TCE. Previously, effluent PB1 c_ells Transformation Capacity (Tg)

were collected and background oxygen consumption rates

were measured using a biological oxygen monitor (Sun and\s reported earlier (Sun and Wood, 1997), PRihich lost
Wood, 1997). The background oxygen consumption ratéctive Tom failed to regain its ability to express the TCE-
(Y;esp Was approximately 0.001 mg@nin/mg protein, and degrading enzyme constitutively. Thus, even with new
this value was used in the model. This value compares welPR1; biofilm growth in the biofilter (absence of contami-
with the calculated values (0.0002 to 0.0009 mgn@n/mg  nants verified by daily plating of the biofilter effluent and
protein) using the yield factor relating grams of cells formedby a colony lift with atom probe), no new TCE-degrading
per gram of Q consumed Yy, 0f 0.20t0 0.85 g celllg® enzyme was expressed after Tom activity was completely
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lost. Hence, the model does not incorporate cell growth 39 —
terms. l

To take into account that TCE degradation Kills cells, the g >
transformation capacity was used to reduce the amount o'&
active biomass. Transformation capacity is the maximum§
amount of cometabolized TCE that can be degraded per uni=
mass of resting cells (Alvarez-Cohen and McCarty, 1991).
Assuming complete TCE breakthrough occurs when the :
TCE-degrading enzyme is completely deactivated, and the
biofilm distribution in the bioreactor does not change sig-
nificantly, the transformation capacity¥{) was determined i
by dividing total amount of TCE degraded by the total ,, ¢ ‘ :
amount of biomass in the reactor. From the five TCE break- 0 500 1000 1500 2000
through curves [0.04, 0.242 (two experiments), 1.21, and Time (minutes)

2.42 mg TCE/L], PR; oxidized approximately an ,average Figure 2. TCE breakthrough curve of the PRlbiofilter at 2.42 mg

of 0.058 + 0.033 mg of TCE per mg of total protein before 1cg/L of air (used to determinky, 1 of the biofilter). Filled circle ®)
Tom activity was completely inactivated. The biomass var-represents experimental data (standard deviation shown), solid line (—)
ied from 4.2 to 18.0 g of protein/mL of liquid, and this large represents model prediction witky rce = 3.81 mg/L (shake-flask pa-
difference in biomass concentration resulted in a range oftmeter), and dotted line () represents model fit withy,rce = 35

T values. Due to this large difference Ty values, the Mol

individual T and the averag&. were used in the model
and compared with the experimental data. The simulation
with the individualT from each of the experimental results
agreed better than the simulations which used the avera
Tc value. Thus, the specifi@ value measured for each
experiment was used. Becaus&0% of the protein is from
dead cells (CSLM results, Table II), thE- values were
corrected accordingly.

TCE Concentratio:

0.5

ghe substrate and substrate diffusion through the cellular
membrane and biofilm, it can be influenced by the biofilm
here dead cells and exopolysaccharide may dominate
ayaraman et al., 1997). Hence, it is reasonable the affinity
of the live cells for the substrate could decrease significantly
compared to suspended cells and a higher Michaelis con-
stant for TCE is reasonable.

. . Axial Dispersion Coefficients
Relative Liquid () and Gas Volume (6)

To obtain the axial dispersion coefficient for TCE in the gas
ASSUming the I|qU|d hOldUp represents biofilm volume in phase Dg,TCQV three experiments were performed using a
the biOﬁIter, the fraction of ||qU|d phaS@Xin the biofilter 1.1 L reactor packed with dried SIRAN™ carriers (reactor
was 0.18 (90 mL/500 mL), and the fraction of gas ph@3e ( |ength= 62.5 cm, interstitial air velocity= 3.125 cm/min).
in the biofilter was 0.32[1.0 — 0.5 (beads) - 0.2§(These  The dead spaces before and after the reactor were removed.
values were used for all simulations. Using TCE as the pulse-tracdd, rc¢Was calculated to be
approximately 7.45 cAimin by fitting the experimental
L. . data with the analytical solution for the axial dispersion
ESt'm?tw“ °|f garameters Using model (Mysliwiec et al., presented at the Air & Waste Man-
xperimental Data agement Association Meeting, Nashville, TN, June 1996),
Cyrcd = INATD, e exp{-(x — vt)?/4D, 1} (data not
Michaelis Constant (Ky, rce) for TCE shown), and this same value was used [gf,, Due to
Degradation (Figure 2)"~ significant broadening of the TCE tracer concentration, the
axial dispersion in the gas phase cannot be ignored. The
Using the Michaelis constanK(, rce = 3.81 mg/L) deter- axial dispersion coefficient in the liquid phade, ¢-g) was
mined from shake-flask experiments (Sun and Woodgalculated based on a correlation used for a two-phase
1996), entirely different TCE breakthrough profiles were packed bed (0.296 cifmin) (Mak et al., 1991). This same
obtained as compared to the experimental data. Hencealue was used foD, .
Kwu rcein the biofilm was estimated using the experimental
data of the PRX biofilter at 2.42 mg/L TCE concentration
based on curve fitting the model with the experimental datRESULTS AND DISCUSSION
(Km,tce = 35 mg TCE/L). This nevK,, rcgvalue was used
along with the shake flask-determingt},,, to predict the verification of the Biofilm Model
TCE breakthrough curves for the other TCE concentrations.
Because the Michaelis constant used in this model reprefo validate the mathematical model, numerical simulations
sents both the inverse of the affinity of the intact cells forof TCE breakthrough curves for the abiotic (no cells) and
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Figure 3. TCE breakthrough curves of abiotic (no cells) and biotic (wild- Figure 4. TCE breakthrough curve of PRdbiofilter at 0.04 mg TCE/L

type B. cepaciaG4 grown on glucose and without induction of the Tom of air. Filled circle @) represents experimental data (standard deviation
enzyme) controls. Filled circle®) represents abiotic control, filled square shown), solid line (—) represents model prediction, and dotted {ine)(

(M) represents biotic control, and solid line (—) represents model predictepresents model prediction with corrected biomass (20% less than the
tion for abiotic and biotic controls. measured).

biotic (G4 cells without TCE-degrading enzyme expressedgxit (Sun and Wood, 1997). The model predicted the gen-
control experiments were performed at a TCE concentratioeral trend of the TCE breakthrough profile with bioreme-
of 0.242 mg/L in air at 0.1 L/min air (Fig. 3). Using the diation; however, fot < 1000 min, higher biodegradation
parameter values listed in Table IlI, the model predicted theates of TCE were achieved than the model prediciéd (
breakthrough time of 39 min (95% of inlet TCE concentra-to 100% higher than model prediction, Figs. 5-7).
tion seen at the outlet) for the abiotic and biotic biofilters; The most important parameter affecting the simulations
experimental data for the breakthrough of the abiotic andvas the biomass concentration. Because the biofilm was
biotic biofilter was achieved in approximately 40 min after seeded by recirculating a concentrated inoculum culture
TCE addition for both controls. If the axial dispersion terms(equivalent to 0.55 mg protein/mL culture) and developing
in the gas phase and the liquid phase were deleted, thbe biofilm for 5 to 10 d with glucose medium (Sun and
model predicts the breakthrough time of 26 min. Thus, theNVood, 1997), the actual biomass present for TCE degrada-
axial dispersion terms are significant and should not bdion was less than the biofilm concentration measured at the
ignored. end of the experiments. This increase in biofilm develop-
The numerical output of TCE concentration in both thement over the course of the experiments was supported by
gas and liquid phases were totaled to verify the materialisual observations. Therefore, by reducing by 20% the
balance for the abiotic and biotic control (no TCE degrada-amount of live cells involved in TCE degradation measured
tion). At an inlet TCE concentration of 0.242 mg/L in air at
0.1 L/min air flow and 0.000694 L/min liquid flow, the
outlet TCE concentration of 0.2379 mg/L in air and 0.5947
mg/L in liquid was obtained (which indicates equilibrium
was reached for the gas and liquid TCE concentrations, i.e.,
H = 0.4). The inlet and outlet TCE mass flow rates are
nearly identical. The material balance for the TCE shows
that less than 2% of the inlet TCE is removed from the gas
phase (due to liquid adsorption) for the control simulations.
A material balance on oxygen was also verified (data not
shown).
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For simulations of TCE degradation at different TCE con-

centrations in the presence of Tom-expressing RRhe , breakihroudh o
measured biomass concentration and calculated transform'z:aT'—g”.re 5. TCE breakthrough curve of PRdbiofilter at 0.242 mg TCE/L
air (experiment #1, low biomass of 4.2 + 2.5 mg protein/mL liquid).

tlon_capacny for each experiment WaS used. Figures 4 to gilled circle (@) represents experimental data (standard deviation shown),
(solid lines) show the model predictions compared to thesolid line (—) represents model prediction, and dotted line-j represents
experimental TCE concentration measured at the reactanodel prediction with corrected biomass (20% less than the measured).
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Figure 6. TCE breakthrough curve of PRlbiofilter at 0.242 mg TCE/L ~ Figure 8. Predicted TCE breakthrough curves fbt. trichosporium

of air (experiment #2, high biomass of 8.3 + 4.3 mg protein/mL liquid). OB3b, higherT., lower Q,, and higher biomass (2.42 mg TCE/L). Solid

Filled circle (@) represents experimental data (standard deviation shown)line (—) represents the reference model prediction (0.1 L/min air flow),

solid line (—) represents model prediction, and dotted line-j represents  dotted line (- - ) represents a 10-fold decrease in the volumetric air flow

model prediction with corrected biomass (20% less than the measured).rate Q,), dashed-dotted-dotted line {~—) representd. trichosporium
OB3b (Vjax = 0.067 mg TCE/min/mg protein angy, rce = 19 mg/L),
long dashed line (—-) represents a 100-fold increas&.iand dashed-

by the protein assay at the end of the experiment, betté?"“ed line (— —)represents 10-fold increase in active biomass.

agreement was attained between the model and the experi-

mental data at (_)'04’ 0'_242 (experiment #1), apd 121 mg/lof TCE addition for the lower biomass experiment (Fig. 5,
TCE concentrations [Figs. 4, 5, and 7 (dotted lines), respeGsiomass of 4.2 + 2.5 mg protein/mL liquid) and higher

tively]. Also, either non-uniform air flow through the bio- biomass experiment (Fig. 5, biomass of 8.3 + 4.3 mg pro-
filter (from channeling of air) or the presence of stagnant, i /m( liquid) respectivély’ T
regio_ns_would cause less b_iomass to be expo_sed_ to TCE. ata high TCE concentration (2.42 mglL of air), the TCE
This importance of th_e blo_mass concentratlon IS Showrbreakthrough time for the biofilter was faster than the lower
by the results fror_n two identical expepments CO”‘?'“Cte‘?' alrCE concentration (0.04 mg/L) due to inactivation of TCE-
a TCE concentration of 0.242 mg/L (Figs. 5 and 6) in Which yo 42 ding enzyme caused by the TCE metabolites (50%
there was a significant difference in the_average b',omaSBreakthrough for 2.42 mg/L vs. only 5% breakthrough for
level measured at the end of each experimeRtiold dit- ¢ 4 mg/L after 500 min of TCE addition). Thus, at lower

ference, Table IIl). This large difference in average biomassl-CE concentrations, the biofilter can be used for longer
level affected the biodegradation of TCE in the biofilter, periods.

because the TCE concentrations measured at the effluent of
the biofilter were 0.11 mg/L and 0.04 mg/L after 27000 min
Model Assumptions and Effects

L5 The assumption (1) of solid, inert, non-porous carriers is
valid because most of the biofilm found was present outside
the carriers and in the interstitial space (Sun and Wood,
1997). Assuming the solid carriers are homogenous in size
with a uniform liquid/biofilm thickness around the carriers
(assumption 2) was needed to estimate the parameter a (in-
terfacial area of gas/liquid) for the calculation of the overall
mass transfer coefficient for TCE and oxygen. Because the
model showed there was no mass-transfer resistance from
the gas to the liquid phase (compared to the biodegradation
rate), the accuracy of parameter a is less critical. Images
obtained from CSLM showed the structure and composition
of the biofilm (live cells, dead cells, and void space); it
consists of thick clumps of live and dead cells which were
evenly distributed throughout the biofilm. Hence, the as-
of air. Filled circle @) represents experimental data (standard deviationswr!ptlo_n (3) of no bounda.‘ry separating the I.IqUId and the
shown), solid line (—) represents model prediction, and dotted line)( biofilm is valid. The most important assumption (assump-
represents model prediction with corrected biomass (20% less than thion 4) affecting the model was that the biomass concentra-
measured). tion measured at the end was basically that present during
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Figure 7. TCE breakthrough curve of PRibiofilter at 1.21 mg TCE/L
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the experiments. The experiments lasted 1-13 d after TCB shows that a 10-fold increase in biomass leads to a sig-
degradation, and the results of numerical simulation usingificantly lower effluent TCE concentration (1.78 mg/L vs.
the average biomass measured agreed well with the expef-0 mg/L for a 10-fold increase in biomass after 1000 min
mental data. However, quantifying the biomass concentraef TCE addition).
tion along the biofilter should improve the model predic- A microorganism with high resistance to the toxic inter-
tions. mediates formed by TCE metabolism can degrade more
TCE and prolong biofilter performance. Figure 8 shows that
a 100-fold increase i (Table I) leads to a 72% decrease
in the effluent TCE concentration after 1000 min of TCE
There are many advantages of immobilized cells on carriergddition (1.78 mg/L vs. 0.49 mg/L for a 100-fold increase in
but the nature of immobilization can affect system kinetics.T.) and greater than a 95-fold increase in the breakthrough
In many cases, immobilization of cells can result in masstime (1580 min for control vs. 151,400 min for a 100-fold
transfer limitations from the gas phase to the liquid phaséncrease infl.). Different microorganisms have been shown
(Karel et al., 1985). Comparing the relative magnitude ofto have different levels of resistance to protein deactivation
the film mass transfer and the biodegradation term of all theeaused by TCE metabolism. Values for transformation ca-
experimental runs (0.04 to 2.42 mg TCE/L), the maximumpacity range from 0.031 mg of TCE/mg of cells [assuming
mass transfer ternK| rcga/e(Circp)] is 2000-fold greater  50% of total dried cell weight is cellular protein (Bailey and
than the maximum biodegradation term Ollis, 1986)] for a consortium of phenol oxidizers (Chang
and Alvarez-Cohen, 1995), 0.04 to 0.06 mg TCE/mg cells
[VmaXGired (Kmree + Ciree)l for some methane oxidizers (Alvarez-Cohen and McCarty,
Because the immobilization of cells did not cause signifi-1991; Chang and Alvarez-Cohen, 1995; Chu and Alvarez-
cant mass-transfer resistance from the gas to the liqui€ohen, 1996), 0.0079 mg TCE/mg protein for an ammonia-
phase (compared to the biodegradation rate), TCE degradaxidizer (Hyman et al., 1995), and as high as 0.082 mg
tion was not limited by the availability of oxygen in the TCE/mg cells (assuming 50% of total dried cell weight is
biofilms. Based on model simulations, for an inlet oxygencellular protein) for phenol-amended cells (Shurtliff et al.,
gas concentration of 272 mg/L (i.e., air), the minimum lig- 1996).
uid oxygen concentration at the biofilteutletranged from If Methylosinus trichosporiun©B3b, which has a 28-
0.2 mg/L to 5.4 mg/L (hence, most regions had oxygenfold higher V,,,, (0.067 mg TCE/min/mg protein) and
concentrations greater than 1.7 mg/L). Therefore, in some oy, e (19 mg/L) (Oldenhuis et al., 1991; Oldenhuis et al.,
the experiments the outlet regions of the biofilter had oxy-1989), was used in the biofilter to degrade 2.42 mg TCEIL,
gen concentrations around the critical oxygen concentratioit is predicted theM. trichosporiumOB3b biofilter would
(1.7 mg QJ/L) reported by Leahy et al. (1996) where a degrade TCE initially at a higher efficiency than the BR1
considerable loss of function by Tom was detected. How-biofilter [0.0 mg TCE/L forM. trichosporiumOB3b vs. 0.6
ever, the loss of Tom activity was not due to oxygen starimg TCE/L for PR1; in the effluent air after 100 min of
vation in this study because effluent PRTells did not TCE addition assuming. and active biomass are the same
regain Tom activity overnight on Tom-indicating plates, (Fig. 8)]. However, because enzyme deactivation is propor-
after culturing in shake-flasks for three passages, or in th&onal to the TCE degradation rate [Eq. (5)], faster enzyme
phenol-oxidation assay (Sun and Wood, 1997). As reportedeactivation will result in earlier loss of enzyme activity;
in the literature, most biofilm structures have micro- therefore, breakthrough occurs faster assuming new bio-
channels formed by the extensive network of voids withinmass does not express active TCE-degrading enzyme
the biofilm that facilitate the transport of nutrients and gasegbreakthrough time of 600 min favl. trichosporiumOB3b
(de Beer et al., 1994; Massol-Dega al., 1995; Mgller et vs. 1600 min for PRL).
al.,, 1996). These channels within the biofilm have been For PRLg, if the volumetric air flow rate was decreased
shown to increase the biological surface area significanthpy 10-fold (0.01 L/min) while maintaining the same TCE
and provide as much as 50% of oxygen consumed by theoncentration and active biomass concentration, the higher
biofilm (de Beer et al., 1994; Massol-Dey al., 1995). residence time of TCE in the biofilter would lead to a lower
Thus, even with an increase in the oxygen concentration iTCE concentration in the effluent stream [1.78 mg TCE/L
the inlet gas stream (fivefold increase), improved TCE degfor 0.1 L/min vs. 0.0 mg TCE/L for 0.01 L/min after 1000
radation was not predicted (less than 1%). min of TCE addition (Fig.8)]. Hence, the performance of the
Changing the parameter values used in the model cahiofilter is extended because significantly less TCE is in-
facilitate understanding the significance of each termitroduced.
Changes in the concentration of active biomass and trans- The range of TCE concentrations found in drinking water
formation capacity Tc) had the greatest improvements in wells is 600 to 14,000 parts per billion (0.6 to 14 mg TCE/
predicted biofilter performance. Because TCE degradatioh.) (Council on Environmental Quality, 1981), and the maxi-
depends on the available biomass, an increase in biomassum level of TCE allowed in drinking water is only 5 ppb
concentration will lead to greater amount of biomass for(0.005 mg/L) (Steinberg and DeSesso, 1993). To size a
TCE degradation and extend the biofilter operation. Figurebiofilter for TCE degradation using the data in this report, it

The Model and Its Implications
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is reasonable to assume the TCE concentration in the gas isCioz
in equilibrium with water at 0.6 mg TCE/L (0.24 mg/L in .
the gas phase). Hence, the estimated biofilter length neces-"ToE
sary for degrading 99.5% of 0.24 mg TCE#M.1 L air/min

for a period of 50 d ranges from a minimum of 21 meters for
the maximum biomass concentration of 18.0 mg/mL liquid Das
(Table Ill) and a transformation capacityd) of 0.204 mg D
TCE/mg protein to greater than 120 meters for the minimum
biomass concentration of 4.2 mg/mL liquid afid of 0.065

i Dirce

mg TCE/mg protein. d,
HTCE
HOZ

CONCLUSIONS Ko

Effective gas-phase TCE degradation and mineralization K, ce

was shown using a fixed-film bioreactor with a pure culture

(Sun and Wood, 1997). A mathematical model was devel- Km0z

oped for describing TCE degradation in a biofilter usig QZ’TCE

cepacia PR1L; which constitutively expresses a TCE-
degrading enzyme. The numerical simulations agreed rela-t
tively well with the experimental data for abiotic and biotic
controls as well as for four experiments at different TCE
concentrations. Based on the simulation results, TCE deg-
radation was not limited by the available oxygen and TCE
in the biofilm (i.e., mass transfer resistance was insignifi- v,
cant relative to biodegradation). The most important param-
eters for improving the biofilter performance were deter- Yoo
mined to be the amount of active biomass for TCE degra-
dation and the transformation capacity for TCE degradation.
Improvements such as higher maximum TCE degradation
rates Va9 Of increasing the affinity of the biofilm toward
TCE (decreasiné(y, rcg) should not enhance TCE removal
in the biofilter as long as the new biomass formed does not

liquid—phase @concentration at the gas/liquid interface (mg/
L
liquid—phase TCE concentration at the gas/liquid interface
(mg/L)
O, concentration in liquid phase (mg/L)
TCE concentration in liquid phase (mg/L)
gas-phase diffusivity (cAmin)
axial dispersion coefficient of Qin gas phase (cfmin)
axial dispersion coefficient of TCE in gas phase tamin)
axial dispersion coefficient of Qin liquid phase (crifmin)
axial dispersion coefficient of TCE in liquid phase @min)
carrier diameter (cm)
Henry’s constant for TCE (dimensionless)
Henry’s constant for @(dimensionless)
overall volumetric liquid mass transfer coefficient for @er
volume of bed (1/min)
overall volumetric liquid mass transfer coefficient for TCE
per volume of bed (1/min)
Michaelis constant for ©@(mg/L)
Michaelis constant for TCE (mg/L)
volumetric air flow rate (L/min)
volumetric liquid nutrient flow rate (L/min)
time (min)
transformation capacity (mg TCE/mg protein)
interstitial air velocity (cm/min)
maximum TCE degradation rate (mg TCE/min/mg protein)
average concentration of active biomass (mg protein/L)
axial length of biofilter (cm)
O, consumption for background respiration (mg@in mg
protein)
O, consumption due to TCE degradation (mg/'f@g TCE)
QAdp

vA(l - &p)y

v

DAB

K,_dp< &y >l
Dag\l-2p/v

produce active TCE-degrading enzyme. Inactivated Tom in Greek Letters

the PR3 cells used here was not due to oxygen starvation

or loss of reductant supply as the biofilter effluent cells did v
not recover Tom activity overnight on Tom-indicating ®
plates or during the phenol oxidation assay (although they ©
retained thetom genes). This suggests cyclic biofilter op-
eration may be best to generate new biomass with Tom v
activity. The best microorganism for TCE degradation 9
should have high TCE-degrading enzyme activity, high

shape factor (external surface area dividednwz)

biofilm thickness (cm)

liquid hold-up volume around the SIRAN™ beads fcof
liquid/cm® of bed)

void fraction of packed bede(+ 0)

kinematic viscosity (crfimin)

bed porosity of the biofilter (cfhof gas/cni of bed)

transformation capacity for TCE, and grow relatively rap- References
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